I. INTRODUCTION The traffic of wireless communication networks has grown exponentially and transmission rates are nearing 1 Gbit/s nowadays, which leads to higher demands on system capacity. Moreover, designing wireless links with superior speed, quality-of-service and capability represents a significant engineering and research challenge.
Multiple-input multiple-output (MIMO) systems have emerged to serve tens of user equipment (UE) by employing hundreds of base station (BS) antennas in the same time-frequency resource and in reality, it has become the strongest candidate to increase the capacity of multiuser (MU) networks [1] . Massive MIMO (MM) relies on spatial multiplexing, which in its turn relies on the base station having a good enough channel knowledge. On the uplink, whose analysis is the focus of this paper, it Spectral Efficiency Analysis in Massive MIMO using FBMC-OQAM Modulation
II. THEORETICAL FRAMEWORK

A. Massive MIMO System Uplink
The evaluation of the MM system uplink is the focus of this study. The design and analysis of MIMO systems includes one BS equipped with an array of M antennas that receive data from K single-antenna users as illustrated in Fig. 1 . Single-antenna users have the benefit of being inexpensive, simple, and power-efficient, and yet each user still gets typically high throughput [6] . It is assumed that each user is uniformly distributed inside a single circular cell of radius R in which a Monte Carlo simulation places the users to validate the study. In this case, the UE uplink is associated with an average perceived SNR value. Then it is supposed that the BS is able to operate a closed loop power control such that the UE varies the transmitted power in order to maintain the received SNR by the BS constant.
In this study it is assumed that the transmitted data are modulated in both OFDM and FBMC. As for the impact of the Doppler Effect on the results, it was demonstrated in [11] that it is not significant for speeds below 130 km/h; thus, it is not applicable to this analysis since the users on the referred cell are not moving which is a representative scenario for high density urban areas, where mobility is always below the mentioned speed.
The elements of the M x K frequency response of the matrix-valued channel that connects the BS antennas and user antennas are assumed as independent, identically distributed (i.i.d.), zero-mean complex Gaussian and unit-variance random variables (i.i.d. Rayleigh) [12] .
The MM setup considers K users communicating with the BS through Time Division Duplex (TDD). According to this protocol, all the users in the cell first synchronously send uplink data signals. Next, the users send pilot sequences. The BS uses these pilot sequences to estimate channel state information (CSI) to the users located in their cells. Then, the BS use the estimated CSI to detect the uplink data [13] . In this way, all users in a cell can simultaneously use all subcarriers.
B. Perfect Channel State Information
In this study, the issues related to channel estimation are not considered, including the pilot contamination problem. Thus, the present analysis assumes that perfect knowledge of CSI is available at the BS. This information describes how a signal propagates from the transmitter to the receiver and represents the combined effect of scattering, fading, and power decay with distance. The CSI makes it possible to adapt transmissions to current channel conditions, which is crucial for achieving reliable communication with high data rates in MIMO systems [14] .
One of the main problems limiting the performance of an MM system is pilot contamination, which is due to the limited number of possible orthogonal pilot sequences [13] . When considering that the channel properties of a communication link are known, or in other words, assuming that the CSI is accurately known at the transmitter and receiver, the pilot contamination problem becomes negligible.
The assumption of perfect CSI at the BS and the fact that the number of antennas is large enough in MU-MIMO makes it possible to compare performances between this system and a SISO signal. In fact, when fast fading and intracellular interference are not present, the MU-MIMO system is similar to a SISO system [6] . In fact, according to [15] as the number of BS antennas grows without limit all the effects of uncorrelated noise and fast fading disappear. This condition validates the proposed approach.
C. FBMC Overview
The Filter Bank Multicarrier (FBMC) is a development of OFDM which focus on overcoming some limitations while enabling higher throughput data rates. It is a form of multi-carrier modulation that is being investigated to be applied in wireless and cellular systems to come. FBMC relies on dividing the spectrum into multiple orthogonal sub-bands and applies a filter to each subcarrier individually.
Thus, with FBMC the side-lobes are much weaker and the inter-carrier interference (ICI) is by far less critical than what is observed in OFDM [5] . In fact, the addition of redundant data in a Cyclic Prefix (CP) in OFDM system addresses the problems caused by ICI as well.
FBMC is a multicarrier modulation method in which a set of synthesis and analysis filters are employed at the transmitter and receiver, respectively [16] . The filters used in the FBMC systems are a set of bandpass filters. The block diagrams of OFDM and FBMC modulations are represented in FBMC gives a better bandwidth efficiency compared to OFDM because FBMC does not use the CP extension; hence it has to attenuate the interferences within and close to the used frequency band efficiently. Fig. 3 illustrates the difference in out-of-band (OOB) emissions which indicates that FBMC has much better spectral properties compared to OFDM. For the FBMC systems, the energy is concentrated within the frequency range of a single subcarrier, which can be achieved by the polyphase network (PPN), meanwhile in the OFDM system shows the rather strong side-lobes due to rectangular windowing [17] . In its turn, the PPN consists of a set of digital filters that are responsible for the extra processing that makes it possible to not use the CP and can be seen as an extension of an IFFT [18] .
An important note about the FBMC signal is that in contrary to OFDM, the orthogonality is not ensured for all the carriers, there is a different concept involved. In FBMC, each subcarrier is individually filtered and orthogonality is required only in the sub-channel level, which means that it requires orthogonality for the adjacent sub-channels only [18] . In fact, FBMC divides the transmission channel associated with the given bandwidth into a number of sub-channels. In order to fully exploit the channel bandwidth, the modulation in the sub-channels must adapt to the neighbor orthogonality constraint and to deal with this issue, offset quadrature amplitude modulation (OQAM) is used for that purpose.
The concept of OQAM consists in splitting, into consecutive symbols, the real and imaginary parts of the quadrature amplitude modulation (QAM) symbol so that they are alternated in time [19] . For that, the imaginary symbols suffer a delay of half the duration of the symbol with respect to the real symbols, avoiding their simultaneous transmission. Ultimately, the combination of filter banks with OQAM modulation leads to a superior throughput, without the need of a guard time or CP as in OFDM. Thanks to the use of offset-QAM in FBMC, the interference is easily canceled at the receiver by ignoring the part of the received symbol not carrying data [5] .
In the comparison between OQAM and QAM for non-orthogonal waveforms, OQAM can offer lower peak-to-average power ratio (PAPR), while smaller frame error rates (FERs) can be achieved by QAM in rich multipath fading channels. Moreover, FBMC adopts linear convolution, instead of circular convolution, to significantly reduce out-of-band (OOB) emission for the sake of robustness against synchronization errors and to preserve its spectral properties [20] .
The application of FBMC in MM channels has been recently studied in [21] , in which its so-called self-equalization property leading to a channel flattening effect was observed in the simulations.
According to this property, as the number of BS antennas increases, it results in a nearly equalized gain across each subcarrier band and the effects of channel distortions like inter-symbol interference (ISI) and ICI diminish as the number of BS antennas increases. In fact, the combination of FBMC and MM can bring pivotal properties into the picture of 5G systems. Specifically, this combination is of a great importance as not only the same spectrum is being utilized by all the users but it is also used in a more efficient manner [22] .
Finally, although the filter bank itself is slightly more complex than the respective element in OFDM, from a conceptual point of view, the signal generation in FBMC-OQAM and windowed OFDM requires basically the same operations. Therefore, FBMC-OQAM can reuse many hardware components of OFDM [10] . detected. This sets the attainable SE for that SNR. The results are illustrated in Fig. 4 along with the theoretical bounds for Rayleigh fading extracted from the throughput presented in [10] . Additional information on the simulated signals data are listed in the One can observe that both modulated signals (OFDM and FBMC), even when considering perfect CSI, are far from the Shannon information theory Limit capacity [9] , which for a SISO system is described as:
( 1) This is expected since the M-QAM modulations and the error correcting codes do not present a Gaussian distribution. Taking these facts into account, those curses that do not follow equation (1), but are represented in Fig. 4 (for instance: "OFDM perfect CSI" and "FBMC perfect CSI") are characterized from now on as SE SISO (SNR). One can observe in Fig. 4 that SE SISO is better for FBMC as the SNR increases but it is almost the same as OFDM for low SNR values.
B. Spectral Efficiency Analysis in a Massive MIMO System Uplink
The SE for the MM system uplink in a single-cell environment is analyzed in [6] . An expression for SE is introduced by employing linear detectors at the BS. The study considers a fading Rayleigh MIMO channel for each subcarrier and also, that perfect CSI can be acquired at the BS. Considering a Zero Forcing (ZF) detector at the BS, the system SE is approximated by [6] :
where K is the number of UEs with a single antenna, M is the number of antennas at the BS, pu is the UE transmitted power (considered the same for every user) and  k is the large-scale fading for the k th user. The expression (2) represents the lower bound on the achievable rate in terms of SE for the linear receiver ZF in an uplink transmission, considering that the modulated signals are Gaussian realizations becomes constant for a large number of transmit and receive antennas [23] . Besides, as shown in [12] the equation (2) is valid for SNR >> 1. The validity of this equation also depends on the receiver knowing the downlink channel matrix, which the perfect CSI criterion corroborates.
Similarly, the Shannon capacity for a flat-fading MU-MIMO channel under favorable propagation has the uplink transmission in a single-cell MM system given by [3] :
In order to find  k , this study assumes the same expression established by [6] in which the large scale fading coefficient can be written as:
where d k represents the distance between the BS and each UE; d o represents the minimum allowed distance between a user and the BS (in this study d o =10m);  is the path-loss exponent and finally,  k represents a log-normal distributed shadow fading variable described as follows:
The cell radius varies to show how the perceived SNR is affected. To simulate d k the study considers that the UE positions are random following a uniform distribution for the Cartesian coordinates and inside a circular cell of radius R.
C. SE Analysis for FBMC-OQAM in a Massive MIMO System Uplink
Comparing (2) and the Shannon limit of (1), one observe that (M -K)pu k is analogous to SNR per user, once the modulated signal is considered Gaussian distributed. For the same reason, Mpu k is analogous to SNR in (3). In summary, in order to preserve the results found in [10] , it is necessary to identify the SNR related to the MM system uplink and then, use these data to project the performances for FBMC and OFDM in a different scenario.
Assuming this premise, the first step will be to extract the SE presented in Fig. 4 , under a SISO signal, instead of applying the log 2 (1+SNR) relation. As a result, the process of transitioning the analysis of the SISO signal to an MM system can be concluded and the intrinsic relationship between SNR and SE found in SISO can be validated for the uplink of the MM system. From the equation (6), the SNR MM in MM considers the M number of antennas in the BS, the length of the radius of the cell and other factors related to the channel (represented by pu and β k ).
In both (2) and (3), the cell SE is a sum of the K users SEs. By comparing the equations (2) and (3), one can verify that they are similar and also, that the difference lies in how the signal combination in the BS increases the UE SNR. Considering M >> K, equation (2) is approximated to (3). When considering (3), as well as the data extracted from Fig. 4 , the analysis represents the maximum achievable SE for the uplink in MM, for both OFDM and FBMC. In the end, one can modify the following parameters to reproduce this analysis: K, M and R.
The simulation goes as follows: K users are randomly placed in a cell of radius R, pu is set according to the maximum allowed transmission power for a given standard for the UE, then all UE SNRs are calculated and averaged. When considering an average SNR value for all the K users, it is observed that in the transition from SISO to MM, the final value of SE in MM is directly proportional to K. In other words, making SE siso as the SE related to the SISO signal (given as a function of SNR as shown in Fig. 4 ) and SE' cell being the SE for MM considering only the influence of having K users in the system, the SE value for the uplink of the MM system extracted from a SISO signal, assuming an average behavior, can be written as:
To identify which SNR will be used, one has to verify how much the radius of the cell will affect the perceived SNR value by the uplink system. As seen in the equation (3), the final value of SE in MM holds a logarithmic relation with the M number of antennas in the BS, and that fact also occurs in the transition from SISO to MM. Thus, it is necessary to characterize the influence of having more antennas in the BS so that the calculation of SE in the MM system uplink as a whole is feasible.
Taking (7) into account and considering an average behavior, the SE value for the uplink of the MM system extracted from a SISO signal can be written as:
And ultimately, that can be represented by:
Even though the SE SISO (SNR) function is unknown, its behaviour can be observed in Fig. 4 . The comparison between expression (9) and the Shannon limit equation represented by expression (3) is due to the fact that both analyses are using the same SNR value. This means that by using this approach, it will be possible to compare the maximum theoretical values and the maximum achievable values for OFDM-QAM and FBMC-OQAM in an adaptive modulation system validated for measurements.
IV. SIMULATION RESULTS
This section provides an explanation of how the MM system uplink was simulated and how the SE for OFDM and FBMC had its performance evaluated. The main parameters used in the simulation are listed in Table II . As MM operates with a large number of BS antennas, typically in the order of hundreds or even thousands, to serve a relatively small number of mobile terminals, the first scenario evaluates the average SNR MM when M = 300, K=10 and R varies from 100m to 2500m. From the equation (4) one can obverse that ultimately, the variable β k is determined by the position of the users in the cell, which is affected directly by the cell radius and for consequence affects the SNR MM. Users are randomly and uniformly positioned inside the cell and it is assumed that no user is closer to the BS than d o . As illustrated in Fig. 5 , for a cell radius around 100m, the average SNR surpasses 40dB. Whereas, for a cell radius equals to 2500m, the average SNR MM is about 4 dB. The analysis of an MM system uplink can be seen in Fig 6 , in which the curves related to the SE value for both modulations considering the cell radius going from 100 to 900m are illustrated. One may notice that FBMC presents a significantly better SE for the range of cell sizes. In addition, there is a point in which reducing the cell radius simply does not improve the SE, since it saturates regarding the available modulation and coding schemes in Fig. 6 . The main difference observed is when an SE of 38bit/s/Hz is required, the cell radius can be doubled, from 350m to 700m when switching from OFDM to FBMC. Both simulations show a much lower SE when compared to theoretical bounds, showing that in a cell planning case, the presented results would lead to a more realistic dimensioning.
The next test consists in evaluating the average SNR for a fixed cell radius of R=750m while varying M from 50 to 1450 antennas (Fig. 7) . This figure shows that the increase of SNR MM is stronger at the beginning until the value gets closer to 20 dB. After that, it is required a much larger M to impact the SNR MM . Fig.5 and Fig.7 can serve as flowcharts for dimensioning cells for 5G networks.
Correspondingly, Fig. 8 depicts the SE of an MM system uplink when M also goes from 50 to 1450
antennas and the cell radius is equal to 750m. The relative difference between SE in OFDM and FBMC increases as M increases until M is roughly 850, then the difference becomes mainly the contribution of the CP itself in the reduction of the OFDM SE and stabilize. The FBMC {4,16,…}-OQAM are the theoretical bounds for Rayleigh fading considering an adaptive modulation structure.
And finally, the Shannon limit is also illustrated. Finally, it is important to observe in Fig. 6 and Fig. 8 how far the curves from the simulations are in relation to the theoretical limit. With this in mind, it is possible to assure that the theoretical limit cannot be considered practical when the focus is implementation. 
V. CONCLUSION
The investigation of viable candidates for 5G network deployment is important because it tends to pave the way for new solutions. In this paper, a method to analyze the SE for the MM system uplink was proposed by taking the data throughput of a SISO system from simulation results that were confirmed by measurements. By using this technique, it was possible to study the performance of FBMC and OFDM modulations in a more realistic scenario.
The modulation and coding scheme are taken as the heart of the communication system. In the tested scenarios, the performance analysis of SE revealed that the change from OFDM to FBMC-OQAM guarantees an improvement of at least 25%, which is mainly due to the absence of the cyclic prefix in FBMC. This difference becomes even more important when a limit SE is aimed. In some cases, the number of antennas must be 3 times higher or the cell radius must be the half for OFDM compared to FBMC.
Finally, it was demonstrated that the theoretical limits can be considered as overly optimistic, and
could not serve as a flowchart for practical implementations.
